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RECENT DEVELOPMENTS IN THEORY OF CP VIOLATION 



YOSEF NIR 

Department of Particle Physics, Weizmann Institute of Science, 
Rehovot 76100, Israel 

Four topics in theory of CP violation are reviewed, (a) CP violation in B decays: 
We describe a new clean way of constraining the angle 7 of the unitarity triangle 
and how new CP violation in decay amplitudes can signal new physics, (b) CP 
violation in K decays: We explain the special features of the decay Kj^ — > n^uu 
both as a measurement of Standard Model CP violating parameters and as a probe 
of new physics, (c) CP violation in D decays: We describe the consequences of CP 
violation from new physics in D — D mixing, (d) CP violation in Supersymmetry: 
We explain how a combination of measurements of CP violating processes will give 
insight into the flavor and CP structure of supersymmetry. 



1 Introduction 

It is often said that the subject of CP symmetry and its violation is one of the 
least understood in particle physics. A better statement would be to say that 
it is experimentally one of the least constrained. CP violation is an expected 
consequence of the Standard Model with three quark generations, but is one 
of the least tested aspects of this model. The only part of CP violation that, 
at present, is considered puzzling by theorists is the lack of CP violation in 
strong interactions, that is the strong CP problem. The CP violation that 
shows up in a small fraction of weak decays is accommodated simply in the 
three-generation Standard Model Lagrangian. All it requires is that we do not 
impose CP as a symmetry. 

However, while "vkc know that CP violation occurs, because it has been 
observed in K decaysfl we do not yet know whether the pattern of CP violation 
predicted by the minimal Standard Model is the one found in nature. The K- 
decay observations, together with other measurements, place constraints^m 
the parameters of the Standard Model mixing matrix (the CKM matrix ad) 
but do not yet provide any test. A multitude of large CP-violating effects 
are expected in various B decays and in K —> -kvv decays, some of which are 
very cleanly predicted by the Standard Model. If we can make enough such 
independent observations then it will be possible to test the Standard Model 
predictions for CP violation. Either we will see that the relationships between 
various measurements are consistent with the Standard Model predictions and 
fully determine the CKM parameters or we will find that there is no single 
choice of CKM parameters that is consistent with all measurements. 

This latter case, of course, would be much more interesting. It would 
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indicate that there is a contribution of physics beyond the Standard Model. 
There may be enough information in the pattern of the inconsistencies to tell us 
something about the nature of the new physics contributions. Thus the aim of 
the game is to measure enough quantities to impose redundant constraints on 
Standard Model parameters, including particularly the convention independent 
combinations of CP-violating phases of CKM matrix elements. 

There are also many CP violating observables where the Standard Model 
contributions are too tiny to be observed. Most noticeable among these are the 
electric dipole moments of the neutron and the electron, CP violation in top 
production and decay, CP violation in D — D mixing, and transverse lepton 
polarization in meson decays. If experiments find a signal then, again, this will 
indicate new physics. The pattern of CP violation is likely to provide useful 
information on the details of the relevant new physics. 

One may well ask, after the many successes of the Standard Model, why 
we would expect violations to show up in such a low-energy regime. The best 
answer is simply that it has not yet been tested. Theorists will give a variety 
of further reasons. Many extensions of the Standard Model have additional 
sources of CP violating effects, or effects which change the relationship of the 
measurable quantities to the CP-violating parameters of the Standard Model. 

In addition there is one great puzzle in cosmology J;hat relates to CP vio- 
lation, and that is the disappearance of the antimatterQ In grand unified theo- 
ries, or even in the Standard Model at sufficiently high temperatures, there are 
baryon number violating processes. If such processes are active then thermal 
equilibrium produces equal populations of particles and antiparticles. Thus in 
modern theories of cosmology the net baryon number of the universe is zero 
in the early high temperature epochs. Today it is clearly not zero, at least in 
our local region. We will not here give a full discussion of the cosmological 
arguments. It suffices to remark that there is a large class of theories iuj-which 
the baryon number asymmetry is generated at the weak phase transitionB Such 
theories, however, must include CP violation from sources beyond the mini- 
mal Standard Model. Calculations made in that model show that it does not 
generate a large enough matter-antimatter imbalance to produce the baryon 
number to entropy ratio observed in the universe today. This is a hint that CP 
violation from beyond Standard Model sources is worth looking for. It is by 
no means a rigorous argument. There are theories in which baryon number is 
generated at a much higher temperature and then protected from thermaliza- 
tion to zero hy B — L (baryon number minus lepton number) symmetry. Such 
theories do not in general require any new low energy CP violation mechanism. 
Neither do they forbid it. 

More generally, since we know there is CP violation in part of the theory. 
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any extension of the Standard Model cannot be required to be CP symmet- 
ric. Any additional fields in the theory bring possible additional CP violating 
couplings. Even assumptions such as soft or spontaneous CP symmetry break- 
ing leave a wide range of possibilities. Further experimental constraints, from 
experiments such as the B factory, are needed. 

In this talk, we will focus on-four aspects of CP violation: 

(i) CP violation in B decaysUc^i Within the Standard Model framework, 
we describe a new method to constrain the angle 7 of the unitarity triangle 
that is theoretically clean and experimentally feasible. Beyond the Standard 
Model, we explain how CP violation in the decay amplitudes can be useful for 
discovering new physics. j— , j— . 

(ii) CP violation in D decaysc3~23 We study the neutral D decays into 
final K^TT^. We explain how CP violation from New Physics can affect the 
search for mixing through this decaj4 |— , 

(iii) CP violation in K decay s^'v^ We focus on the Kl 'k'^vv decay. 
Within the Standard Model, it gives a clean measurement of the CP violating 
parameter 77. Beyond the Standard Model, it probes new CP violating phases 
in the s dvD decay. j— . | — 

(iv) CP violation as a probe of Super symmetry. L3nii3E3L3E3 We describe 
the various developments in understanding the flavor and CP problems in Su- 
persymmetry. We explain how measurements of CP violation could distinguish 
among the various solutions to these problems. 

Unfortunately, due to lack of time and space, we have to leave out many 
other topics where there have becm_recaat interesting developments, e.g. CP 
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L4C 



baryogenesisP 



latinn in top and HigasL^jhysicSjtijniSj CP vialatim in neutrino oscillations, 



and various others 
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2 CP Violation in Meson Decays 

2. 1 Formalism 

To establish our notations and to understand similarities and differences be- 
tween D and B decays, we here briefly review the formalism of CP violation 
in meson decays. 

We define decay amplitudes Af and Af through 

Af^{f\H\B^), Aj^imm. (1) 

We denote by p and q the components of the interaction eigenstates in the 
neutral meson mass eigenstates: 

|i?i,2) = p|i?0)±g|S"). (2) 
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Finally, the complex quantity A/ is defined by 

The possible manifestations of CP violation can be classified in a model 
independent way: 

(j) CP violation in decay, which occurs in both charged and neutral decays, 
when the amplitude for a decay and its CP-conjugate process have dif- 
ferent magnitudes: 

\Aj/Af\ + 1. (4) 
(/ denotes the CP-conjugate of the state /.) 

(ii) CP violation in mixing, which occurs when the two neutral mass eigenstate 
admixtures cannot be chosen to be CP-eigenstates: 

k/pl + 1- (5) 

(ill) CP violation in the interference between decays with and without mixing, 
which occurs in decays into final states that are common to E!^ and P". 
It often occurs in combination with the other two types but there are 
cases when, to an excellent approximation, it is the only effect, namely 

ImA^^O (|A;|«1). (6) 

2.2 The CKM Constraints 

To understand the Standard Model predictions for CP asymmetries in vari- 
ous neutral meson decays, we study the constraints on the CKM parameters 
from IVcbl, IVufj/Vcbl, Atob^, Ek and Anis^- We use a new method ofpSi-atisti- 
cally combining the many measurements involving-CKM parametersll£3 This 



methpd was adopted by the BaBar collaboration liHil and is described in detail 
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There are two types of errors which enter the determination of the CKM 
parameters: experimental errors and uncertainties due to theoretical model 
dependence. These two types of errors will be treated differently. Experimental 



errors are generally assumed to be Gaussianly distributed 
a test. For the quantities with Gaussian errors, we use 

|Vcb| = 0.039 ±0.004, 
iKfc/Kblcxp = |Kf,/Kfe|T±0.05, 
AmB^ = 0.463 ± 0.018 ps-\ 



cLcan then enter 
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(2.258 ± 0.018) X 10"^ (7) 
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(The subscript T implies that we here refer to the hadronic model dependent 
range for |Kif,/Vch| to which an experimental error should be added to give the 
full uncertainty.) A large part of the uncertainty in translating the experimen- 
tal observables to the CKM parameters comes, however, from errors related to 
the use of hadronic models. At present, one cannot assume any shape for the 
probability density of these quantities (certainly not Gaussian) and include it 
in the fit. We thus do not assume any shape for these distributions but use a 
whole set of 'reasonable' values for the parameters. Specifically, we scan the 
ranges 

0.06 < \Vub/Vcb\T < 0.10, 
160 < fB,^/B^, < 240 Mey, 
0.6 < Bk < 1.0. (8) 

The mass difference in the i?p— Sjystem has not been measured and only 95% 



CL limits have been obtainedt£2 



AmB, > 10.0 ps-^ (9) 

Such a limit is only a small part of the information and it cannot be included 
directly in the minimization. In our analysis, we include the full information 
from the amplitude method that-iajiow being used by the LEP Atob^ averaging 



Working Groupli£3 We also use 



Be J' 



3j, 



= 1.30 ±0.18. (10) 
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The present allowed region at 95% CL in the p — 77 plane is presento 
Fig. |l|(a). Another useful presentation is in the sin2Q — sin 2/3 planeE£^ 
The present allowed region at 95% CL is shown in Fig. |^(b). 

Examining the figures, we find that, if the theoretical parameters are 
within the range (^, the following ranges for the various angles of the uni- 
tarity triangle are allowed at the 95% CL: 

0.28 < sin 2/3 < 0.88, 
-1.0 < sin2a < 1.0, 

0.23 < sinS < 1-0. (11) 



3 B Physics 

A huge amount of work has been devoted to CP violation in B decays. This 
is no doubt a result of the forthcoming i?-factories, BaBar and Belle. The 
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(a) 




effort goes in two main directions: how to determine best the values of the CP 
violating angles of the unitarity triangle and how to find New Physics. Instead 
of trying to review all the work that has been done in this field, I will give 
two examples of recent attractive developments. In the direction of measuring 
CKM phases, I will describe a new method to constrain 7. In the direction of 
exploring new physics, I will describe a method that uses possible new phases 
in the decay amplitudes (rather than in the mixing). 



3.1 Constraining 7 

Of the three angles of the unitarity triangle, 7 is the most difficult one to 
measure in a B-factory. Many clever methods were suggested, but most of 
them either suffer from rather large hadronic uncertainties or are very difficult, 
not to say impossible, to carry out in a B-factory. Two methods, however. 
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by Atwood, Dunietz and 
using triangle relations in 



are theoretically rather clean. One is a prop 
SoniEa based on an idea by Gronau and Wylerl 
B D'^K decays. The ojther, which is described in detail below, was proposed 
by Fleischer and Manneleil using the branching ratios of four B — > nK decay 
modes, it is possible to derive a bound on the angle 7 of the unitarity triangle 
which, under certain circumstances, is free of hadronic uncertainties. 

The amplitudes for the relevant B — > ttK decays can be written as follows: 



A{B^ - 


-> TT 


K+) 


= A° 


- A^e^', 


AiB° - 




-K-) 


= ^2 


- A^e^'-'e'^ 


A{B+ - 


tt' 




= At 


- Ate^e^' 


A{B- - 


it' 




= At 


- Ate-''^e' 



(12) 

The following two assumptions are very likely to hold with regard to these four 
channels: 

1. The contributions to A^ that do not come from tree amplitudes can be 
neglecteaEIi The reason is that the penguin amplitudes contributions to A^ are 
suppressed compared to their contributions to Ac by Odl^bKis l/ll^fcVtsI) ~ 
0.02. Then in the charged B decays, which require a, b —> dds transition, we 
can neglect Au while in the neutral B decays, which can also be mediated by 
a b —>■ uus transition, we take into account only the tree amplitude At'. 

A+=0, AI^At. (13) 

2. The contributions from electroweak penguins can be neglecte^^ Indeed 
these contributions can be reliably estimated and they are expected to be 
0(0.01) of the leading contributions. Then Ac comes purely from QCD penguin 
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amplitudes Ap which, as a resuh of the SU{2) isospin symmetry of the strong 
interactions, contribute equally to the charged and neutral B decays: 



A'i = At = Ap. (14) 



We define 



At/Ap, 

r(BO ^ 7r-K+) + r(i?" -> TT+K-) 

With the two approximations ( |l3| ) and (|lj) one gets0 

i? = 1 - 2rcos7COsJ + (16) 

In general, constraints on 7 from eq. ([l^ ) depend on hadronic physics. In 
particular, while i? is a measurable quantity, r and cos 5 are hadronic, presently 
unknown parameters. (We treat r as a free parameter. Estimates based on 
factorization and on SU (3) relations prefer r < O.fiell) Fortunately, one can 
find an inequality that is independent of r and cos J til 

sin2 7<i?. (17) 

Ckaxly, the bound (0) is significant only for i? < 1. Recent CLEO 
resultl£3 give R = 0.65 ± 0.40. Thus, we may be fortunate and indeed have 
R < 1. As soon as an upper bound on R below unity is obtained, the limit 

f) will give, within the Standard Model, useful constraints in the p — rj l£g. 
)) and sin 2a — sin 2/3 (fig. ||(b)) planes. It can also probe new physicsuS 



3.2 New CP Violation in Decay Amplitudes 

Grossman and Worafl have argued that new CP violating effects in AB = 1 
processes can be cleanly signalled in experiment even if the effects are smaller 
than the widely discussed new CP violation in AB = 2 processes. The reason 
is that to see the decay effects, one compares two experimentally measured 
quantities, and does not need to know the theoretically allowed range for either 
of them. 
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Figure 2: The effect of the FM bound with R = 0.65±0.08 on the constraints (a) in the p — rj 
plane and (b) in the sin 2a — sin 2/9 plane. The central value for R is taken from the present 
CLEO measurement (ref. (169)) while the error is our estimate for the accuracy that can be 
obtained with about 80 fb"'^ in S-factories. For all other constraints, we use present data. 
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To explain the main points, we take the exphcit example of the CP asym- 
metries in B tpKs and B 4>Ks, which we denote by a^Xs ^-^d 0'4>Ksj 
respectively. Within the Standard Model, each of these is dominated by a sin- 
gle CKM phase. Consequently, to a very good approximation, the source of the 
CP asymetries is CP violation in the interference of decays with and without 
mixing, namely ImA ^ 0. Furthermore, the asymmetries can be calculated in 
a theoretically clean way, giving 

o-ipKs = sin 2/3, a^Ks = sin 2/3, (18) 

so that the present accuracy of the Standard Model prediction for these asym- 
metries is given by (see fig. 2): 

0.3 < sin 2/3 < 0.9 (95% CL). (19) 

The Standard Model relation ( p^ for a^Ks is extremely clean. For a^^s j 
effects of OdKibKisl/lVtiJ^sl) ;$ 0.03 are neglected. We thus learn that the 
Standard Model predicts Ell 

aV-fs — '^4>Ks to within 6%. (20) 

Most studies of new physics effects on CP asymmetries in neutral B de- 
cays have focussed on new CP violatipaJax-B — B mixing. (For recent, model 
independent studies of this case, see taOH.) The strong suppression of the 
Standard model box diagrams by the fourth order of the weak coupling and 
small CKM angles indeed allows for competing, maybe even dominant contri- 
butions from new physics. In this case, one can parameterize the new physics 
effects by two new parameters, and 9d^ defined by 



{B^\n'^'\&) 
{B^\nl^m 



{rae^'^f. (21) 



The important features in this framework are that large effects on CP asymme- 
tries in decays are possible and that the asymmetries are shifted universally. 
The shift depends on the new CP violating phase Qd only. In particular: 

a^Ks = sin2(/3-|-6ld), a^i^^ = sin 2 (/3 -I- 61^), (22) 

and the equality between the asymmetries (|2^) is maintained. The angle dd 
is generally unconstrained. If indeed sin 2/3 ^ 0.6, then a rather large Qd is 
required in order that the deviation from the Standard Model range (^|) will 
be manifest. 
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As for the decay amplitudes, the B tpKs decay goes through the quark 
h — » sec transition which gets contributions from Standard Model tree diagrams 
with only mild CKM suppression. It is then very unlikely that new physics 
could affect this decay in a significant way. On the other hand, the B — > 
4>Ks decay goes through the quark h — > sss transition. This is a FCNC 
process to which the leading Standard Model contributions are QCD penguin 
amplitudes with an extra suppression by as and a loop factor. Here one could 
easily think of reasonable extensions of the Standard Model where there are 
sigmficant new, possibly CP violating contributions. (For specific examples, see 
E3C3'lZIl3.) Assuming that these new contributions do not induce CP violation 
in decay, namely that \AipKs / '^<t>Ks \ = 1 is maintained, the new effects can be 
parameterized by 



e^*"^. (23) 



The result of such New Physics is that the asymmetries are now modified as 
follows: 

a^Ks =sin2(/3 + 6'd), a^^^ = sin 2(/3 + 0^ + 61^). (24) 



Again, to test each of these predictions against the Standard Model range (19) 
requires modifications of order 50%. The big advantage of having A_B = 1 
effects is that ( pO| ) is modified: 

a-ijiKs 7^ o,<i>Ks, (25) 

and that relatively small effects, of order 10%, can lead to an observable failure 
of (pO|). Therefore, measurements of CP asymmetries in decays of that are 
suppressed by either being FCNC processes or by small CKM angles, while ex- 
perimentally challenging, might provide exceptionally sensitive probes of New 
Physics. 

4 D Physics: CP Violation in D — D Mixing 
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The best bound on D — D mixing comes from measurements of — > K^tt 
However, these bounds are still orders of magnitude above the Standard Model 
prediction for the mixing. If the value of Amjj is anywhere close to present 
bounds, it should be dominated by new physics. Then, new CP violating 
phases may play an important role in D — D mixing. For exaiopleyjijew CP 



violating phases are expected in various supersymmetric modelsull' — 

The only type of CP violation that is likely to be relevant in the experi- 
mental search for D ~ D mixing is in the interference between decays with and 
without mixing: 
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(i) The decay K~^it~ proceeds via the quark subprocess c — > dsu. 

Within the SM, this process is dominated by doubly Cabibbo suppressed (DCS) 
tree amphtudes. It is very difficult, if not impossible, for diagrams involving 
new physics to contribute to this decay comparably to the W-mediated di- 
agram. Consequently, K~^tt~ is dominated by a single weak phase, 
arg(V;;dy„*^), and it is safe to neglect CP violation in decay. 

(ii) If Amn is close to present bounds, then it is clearly dominated by 
new physics, M12 3> Mf^. On the other hand, there is no reasonable type of 
new physics that could enhance by orders of magnitude, so that very likely 

^ rfl^. Therefore, if Amo is close to present bounds, it is safe to assume 
that Im(ri2/Mi2) <C 1 and neglect CP violation in mixing. 

(iii) Within the Standard Model, both the mixing amplitude for neutral 
D mesons and the decay amplitude for D Kw occur through processes that 
involve, to a very good approximation, quarks of the first two generation only. 
Therefore, the relative weak phase between the mixing and decay amplitudes 
is extremely small. However, most if not all extensions of the Standard Model 
that allow Atod close to the limit involve new CP violating phases. In these 
models, the relative phase between the mixing amplitude and the decay ampli- 
tude is usually unconstrained and would naturally be expected to be of 0(1). 
CP violation in the interference between decays with and without mixing could 
then be a large effect. 

To understand the consequences of this situation, we introduce the two 
quantities 



A/f+TT- 



pj D ^K+-K- 



Xk-.. = (l) (26) 

\Pj D ^K-w+ 

Our discussion above of CP violation has the following implications: Since 

CP violation in decay is negligible, \Aj^+j^- / Aj^-^^+l = \Ax+^- /Ax-„+\ = 1. 
Since CP violation in mixing is negligible, \{q/p)D\ = 1- Then 

|A-i+^_| = |A;,-^+|^|A|. (27) 

Furthermore, since it experimentally known that Atud '^i^D and ATd <^^d, 
we have IXk-tt+I ^ 1- If Amn is close to the bound then AF^i <c Anio- 

The result of this discussion is the following form for the (time dependent) 
ratio between the DCS and Cabibbo-allowed decay rates: 

rmt)^K+.-)] _ {Amnf , 
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fMO^iFO] " ' ' +Im(A^-.+ )t. (28) 

This form is valid for time t not much larger than J- . As concerns the linear 

i D 

term, there are four possible situations: 

1. Im(A^,+^_) — Im(Aif-7r+) ~ 0: both strong and weak phases play no role 

in these processes. 

2. Im(A^^^_) = Im(A^-^+) ^ 0: weak phases play no role in these processes. 

There is a different strong phase shift in K'^tt~ and K~tt'^. 

(The strong phasa.ahifts were calculated within two hadronic models and 
found to be smallEj) 

3. Im(A^+^_) = — Im(Ax-7r+) 7^ 0: strong phases play no role in these pro- 

cesses. CP violating phases affect the mixing amplitude. 

4. |Im(A^+^_)| 7^ |Im(Ax-7r+)|- both strong and weak phases play a role in 

these processes. 

The linear term could be a problem for experiments: if the phase is such 
that the interference is destructive, it could partially cancel the quadratic term 
in the relevant range of time, thus weakening the experimental sensitivity to 
mixingo On the other hand, if the mixing amplitude is smaller than the DCS 
one, the interference term may signal mixina even if the pure mixing contri- 
bution is below the experimental sensitivityH 

5 K Physics: A'^ tt^vv 

Kl tt'^vv is a very useful probe of CP violationEzl 

(i) It is dominated by short distance contributions. There is a hard GIM 
suppression of ©(Aq^Q/m^) between the long distance contribution and the 
charm mediated short distance one (which by itself is small). It makes loug-dis: 
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tance contributions negligibly small. QCD corrections are known to NLCtIf 
and electrowcak corrections were calculated to two loops in the large mt limit 

(ii) {7:\{sd)v-A\K) is known. This matrix element is a current operator 
that is much simpler than the four quark operators that are relevant to other 
rare processes such as Am^ and Ek- Moreover, it is related by isopsin sym- 
metry to {Tr\{su)y^\K) which is measiLredm Tr^e+i^ decay. The isospin 
breaking corrections were calculatedLJ 

(iii) The decay is purely CP violating. In general, three body final states 
are not CP eigenstates. However, in this case, if neutrinos are purely left- 
handed, the final state is almost purely CP-even, with only 0{m\lm\) CP- 
odd component. Thus, the decay violates CP. (An exception to this statement 
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arises in models with lepton-Jiumber violating K decays, where final states 
TT^Vii/j, i ^ j, could dominateEj) 

(iv) The required CP violation is dominated by interference between decays 
with and without mixing. It is experimentally known that \q/p\ = 1 + 0(10"^). 
It is theoretically estimated that \A/A\ = 1 + 0(10"^). In contrast, the effects 
of CP violation in the interference of decays with and without mixing (ImA ^ 0) 
are expected to be of 0(1). 

As a result of these special features, the Kl n^vv decay is theoretically 
clean to the level of 10"'^. The theoretical cleanliness (features (i) and (ii) 
above) is also valid for the — > ii^vv decay. This mode is, however, not 
CP violating. (Recently, the first experimental evidence for this decay has 
been announced by the E787 coUaborationtlj) The combination of the two 
decay npdes provide a very clean determination of the angle (3 of the unitarity 
triangleEa The cleanliness is comparable to that of the determination of [3 from 
the CP asymmetry in _B ^ i'Ks- The constraints on the CKM parameters 
are demonstrated in fig. |[ 

Model independently, we get a clean determination of Ok, the relatiice 
phase between the K—K mixing amplitude and the s — > dvv decay amplitudes 



^(i^^ 



sitl^Ok. (29) 



Eq. (l29|) together with the experimental upper bquiidPHUlI^ BR{K^ 



TT+z/i/) < 2.4 X 10 ^, give a model independent boundpl 

BR{Kl -> TT°iyp) < 1.1 X 10-^ (30) 
which is more than two ordcrs_a£ magnitude stronger than the new direct 



experimental bound from KTcVpIf 



BR{Kl -> 7r"iyP) < 1.8 x 10"^. (31) 
Bcai's are useful in probing CP violation beyond the Stan- 



The K 

dard Model EIHll^EI'BO The bound (^ ia^tiU about three orders of magni- 
tude above the Standard Model predictionpa BR{Kl ir^vv) — (2.8 ± 1.7) x 
10~^^, leaving plenty of room for new physics. The Sk constraints on CP vi- 
olation in K — K mixing imply that such new physics can only appear in the 
decay amplitude. For example, significant new contributions to s — > dinZ with 
new CP violating phases are possible in extensions of the quark sectortJ 

Finally, we would like to clarify one further point. In certain superweak 
models, CP violation appears in processes that change flavor by two units only, 
i.e. in mixing but not in decay amplitudes. This leads to the prediction that 
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Figure 3: The effect of the K — » ttvV measurements on the constraints (a) in the p — rj 
plane and (6) in the sin2o - sin 2/3 plane. We use BR{K+ tt+vD) = (1.0 ± 0.1) X 10""', 
BR(A'£ TT^vV) = (3.0±0.3) x 10"", and \Vcb\ = 0.039±0.02. (These are the hypothetical 
ranges used in ref. (65).) For all other constraints we use present data. 
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the CP asymmetries in K decays should be 'universal', namely independent of 
the final state. In particular, the CP asymmetry 'm K ^ nn has been measured 
(that is the Ek parameter) and is 0(10"^). We learn that if the ratio ( |29| ) is 
measured and found to be ^ 10^'^ (or, equivalently at present, if BR{Kl ^ 
■K^vv) ~ 10~^^, as predicted by the SM) then superweak CP violation will 
be excluded. This situation is sometimes described in the literature by the 
statement that — > tt^vv will provide an unambiguous evidence for direct CP 
violation. A similar conclusion will follow if the asymmetries in, say, B — > iJ^Ks 
and B — > tttt arc found to be unequal. 



6 Supersymmetry 

6.1 The Supersymmetric CP Problems 

A generic supersymmetric extension of the Standard Model contains a host of 
new flavor and CP violating parameters. The requirement of consistency with 
experimental data provides strong constraints on many of these parameters. 
For this reason, the physics of flavor and CP violation has had a profound 
impact on supersymmetric model building. A discussion of CP violation in 
this context can hardly avoid addressing the flavor problem itself. Indeed, 
many of the supersymmetric models that we analyze below were originally 
aimed at solving flavor problems. 

As concerns CP violation, one can distinguish two classes of experimen- 
tal constraints. First, bounds on nuclear and atomic electric dipole moments 
determine what is usually called the supersymmetric CP problem. It involves 
effects that are flavor preserving and consequently appears already in the min- 
imal supersymmetric standard model (MSSM) with universal sfermion masses 
and with the trilinear SUSY-breaking scalar couplings proportional to the cor- 
responding Yukawa couplings. In such a constrained framework, there are 
two new phjisical phases beyond the two phases of the Standard Model {6km 
and 0qcd)P^E3 usually denoted by (j)A and (j)B- In the more general case of 
non-universal soft terms there is one independent phase for each quark 
and lepton flavor. Moreover, complex off-diagonal entries in the sfermion mass 
matrices may represent additional sources of CP violation. 

The most significant effect of (j)A and (j)B is their contribution to electric 
dipole moments £ELDMs). In padicular, the present experimental bound, < 



1.1 X 10 ^^ecmElil'EB implies 



100 GeVV 



sin cj) A.B < 10-^—^ , (32) 

J 10 ecm 



where m represents the overall SUSY scale. Whether the phases are small or 
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squarks are heavy, a fine-tuning of order 10^^ seems to be required, in general, 
to avoid too large a djy. This is the Supersymmetric CP Problem. 

A second class of experimental constraints, involving the physics of neu- 
tral mesons and, most importantly, the small experimental value oi Ek, pose 
the supersymmetric ek problem. The contribution to the CP violating ek pa- 
rameter in the neutral K system is dominated by diagrams involving Q and d 
squarks in the same loop. A typical bound on the supersymmetric parameters 



ri 



eadst 



300 GeV 



{5fnl)^2 {5ml) 



12 



sin0 < 0.5 X 10"^ (33) 



where (j) = arg(((5mQ)i2((5m^)i2), and {SrriQ jj)i2 are the off diagonal entries 
in the squark mass matrices in a basis where the down quark mass matrix 
and the gluino couplings are diagonal. For dimensionless parameters assuming 
their natural values of 0(1), the constraint ( p3| ) is generically violated by about 
seven orders of magnitude. This is the supersymmetric ek problem. 

6.2 Classes of Supersymmetric Models 

The supersymmetric flavor and CP problems have provided a very significant 
input to supersymmetry model builders. Two scales play an important role 
in supersymmetry: As, where the soft supersymmetry breaking terms are 
generated, and Ap, where fiavor dynamics takes place. 

Both supersymmetric CP problems are solved if, at the scale A5, the soft 
supersymmetry breaking terms are universal and the genuine SUSY CP phases 
4'A,B vanish. Then the Yukawa matrices represent the only source of fiavor 
and CP violation which is relevant in low energy physics. This situation can 
naturally arise if A5 <C Aj?, as in models where supersymmetry breaking is 
mediated by the Standard Model gauge interactionslHj In the simplest scenar- 
ios, the A-terms and the gaugino masses are generated by the same SUSY and 
U{l)u breakixig-source, leading to (j)A = 0. In specific models also = in a 
similar wayt£j'lEl 

The most important implication of this type_af 
soft terms, which we refer to as exact universality^ 



186 



boundary conditions for 



H3 is the existence of the 



SUSY analogue of the GIM mechanism which operates in the SM. The CP 
violating phase of the CKM matrix can feed into the soft terms via Renor- 
malization Gmi 



quark masses 
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.|RG) evolution only with a strong suppression from light 
The resulting phenomenology of CP violation is hardly 
distinguishable from the Standard Model. 

When Ap < As, we do not expect, in general, that fiavor and CP violation 
are limited to the Yukawa matrices. One way to suppress CP violation would 
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be to assume that CP is an approximate symmetry of the full theory. In such 
a case, we expect also the SM phase Skm to be ^ 1. Then the standard box 
diagrams cannot account for ek which should arise from another source. In 
supersymmetry with non-universal soft terms, the source could be diagrams 
involving virtual superpartners, mainly squark-gluino box diagrams. Let us call 
(Af/I)^^^^ the supersymmetric contribution to the K — K mixing amplitude. 
Then the requirements Re(M/|)^usY < ^^^^ lm{M^2T^^^ ^ SK^rriK 

imply that the generic CP phases are > ©(ek) ~ 10~^. Then, somewhat 
similar to the superweak scenario, all CP violating observables (when defined 
appropriately) are characterized by a similar small parameter. This situation 
implies many dramatic consequences, e.g. just below or barely compatible 
with the present experimental bound and, most striking, that CP asymmetries 
in B meson decays are small, perhaps 0{£k), rather than 0(1) as expected in 
the SM. 

Another option is to assume that, similarly to the Standard Model, CP 
violating phases are large, but their effects are screened, possibly by the same 
physics that explains the various flavor puzzles. This usually requires Abelian 
or non- Abelian horizontal symmetries. Two ingredients play a major role here: 
selection rules that come from the symmetry and holomorphy of Yukawa and 
A-terms that comes from the supersymmetry. pW)^ Abelian symmetries, the 



screening mechanism is provided by alignmentll3iLL5 whereby the mixing ma- 



trices for gaugino couplings have very small mixing angles, particularly for the 
first two down squark generations. With non- Abelian symmetries, the screen- 
ing mechanism is approximate universality, where quarks of the two light fami- 
lies Qj^ 

188-L9C 



ito an i.rrnd.ucible doublet and are, therefore, approximately degenerate. 
7j,|o|g3|j9^,^ An extension of these ideas, aimed at screening the GE 
phases in the A-terms, assumes that CP is a symmetry of the LagrangianfJ 
spontaneously broken by the same fields that break the horizontal symmetry. 
In general, it can be shown that non-universality of A-terms and the require- 
ment of 0(1) CKM phase imply 0^ > sin^ 6c, leading to > 10~^*e cm. 
The minimal result can be reached only with almost triangular Yukawa ma- 
trices, which can be achieved with Abelian flavor symmetries. In models of 
non- Abelian symmetries, where the two light families are in irreducible dou- 
blets, one does not expect such a structure and typically the effective CP 
phases for light quarks are expected to be > sin^ 9c. 

As far as the third generation is concerned, the signatures of Abelian and 
non-Abelian models are similar. In particular, they allow observable devia- 
tions from the SM predictions for CP asymmetries in B decays. In some cases, 
non-Abelian models give relations between CKM parameters and consequently 
predict strong constraints on these CP asymmetries. For the two light genera- 
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tions, only alignment allows interestiijg-^flEepts. In particular, it predicts large 
CP violating effects in D — D mixing 



L71 



172 



Finally, it is Jicfisible that CP violating effects are suppressed because 



squarks are heavyMil If the masses of the first and second generations squarks 
rrii are larger than the other soft masses, m| ~ 100 then the Super- 
symmetric .CP jjiroblem is solved and the Sk problem is relaxed (but not 



eliminated)ll3'E£2l This does not necessarily lead to naturalness problems, since 



these two generations are almost decoupled from the Higgs sector. 

Notice though that, with the possible exception of m| , third family squark 

masses cannot naturally be much above m^- If the relevant phases are of 0(1), 
the main contribution to dAf—Comes from the third family via the two- loop 



induced three-gluon operator^^ and it is roughly at the present experimental 
bound when ruf ^ 100 GeV . 

Models with the first two squark generations, heavy have their own signa- 
tures of CP violation in neutral meson mixingE3 The mixing angles relevant 
to D — D mixing are similar, in general, to those of models of alignment (if 
alignment is invoked to explain Aitik with itiq ^ < 20 TeV). However, as H 
and c squarks are heavy, the contribution to D — D mixing is only about one 
to two orders of magnitude below the experimental bound. This may lead to 
the interesting situation that D — D mixing will first be observed through its 
CP violating partE3 In the neutral B system, 0(1) shifts from the Standard 
Model predictions of CP asymmetries in the decays to final CP eigenstates are 
possible. Biis can occur even when the squarks masses of the third family are 
~ 1 Tel^p3 since now mixing angles can naturally be larger than in the case 
of horizontal symmetries (alignment or approximate universality). 

To summarize, measurements of CP violation will provide us with an ex- 
cellent probe of the flavor and CP structure of supersymmetry. This is clearly 
demonstrated in Table (111). 



7 Final Comments 

The unique features of CP violation are well demonstrated by examining the 
CP asymmetry in B — > "ip^s, a^Ks^ ^'^d CP violation in Kl — > 'k^vv, a-nvv- 
Model independently, a^Ks measures the relative phase between the B — B 
mixing amplitude and the h —>■ ccd decay amplitude (more precisely, the b — > 
CCS decay amplitude times the K — K mixing amplitude) , while flTriyp measures 
the relative phase between the K — K mixing amplitude and the s — > dvv 
decay amplitude. We would like to emphasize the following three points: 

(i) The two measurements are theoretically clean to better than 0(10"^). 
Thus they can provide the most accurate determination of CKM parameters. 
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Table 1: CP violating observables in various classes of Supersymmetric flavor models. 9^, 
6a, ^K-n+ ^^'^ are defined in eqs. (21), (23), (26) and (29), respectively. 



Model 




Od 


Oa 


Im(A^-^+) 


eK 


10"-^^ e cm 




Standard Model 


< io-« 











0(1) 


Exact Universality 


< 10-6 











=SM 


Approximate CP 


~ 10-1 


-/? 





0(10-3) 


0(10-3) 


Alignment 


> 10-^ 


0(0.2) 


0(1) 


0(1) 


«SM 


Approx. Universality 


> 10-' 


0(0.2) 


0(1) 





«SM 


Heavy S quarks 


~ 10-1 


0(1) 


0(1) 


0(10-2) 





In particular, the theoretical accuracy will be better than in the determination 
of sin 6c from K — > -k^v. 

(ii) As concerns CP violation, the Standard Model is a uniquely predictive 
model. In particular, it predicts that the seemingly unrelated a^Ks ^'Hd. a^j/p 
measure the same parameter, that is the angle /3 of the unitarity triangle. 

(iii) In the presence of New Physics, there is in general no reason for a 
relation between a^Ks anda^^v- Therefore, a measurement of both will provide 
a sensitive probe of New Physics. 
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